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INTRODUCTION
Rebar corrosion is widely regarded as the most common cause of deterioration and premature failure of reinforced concrete (RC) structures [1] . In general, concrete is expected to provide a high degree of corrosion protection to the embedded steel rebars owing to its highly alkaline nature. A well compacted and cured concrete, with low water-cement ratio, has a permeability that is low enough to inhibit the penetration of corrosion inducing agents from the environment. However, such ideal conditions are seldom met in practice, leading to corrosion of the reinforcement, which is the major tensile load resisting element in RC structures.
Rebar corrosion is of two types, namely (i) chloride induced and (ii) carbonation induced. In the first type, chloride ions, either present in the raw materials or introduced from outside, due to insufficient cover or high permeability, lead to a breakdown of the alkaline passive film around the rebar [2, 3] . The second type of rebar corrosion, namely carbonation induced corrosion, results from the ingress of atmospheric carbon dioxide (CO2) into the concrete. The penetrated CO2 dissolves in the pore solution to form carbonic acid, which reacts with calcium hydroxide and unhydrated silicates in the cement paste, forming mainly calcium carbonate [4] . Although calcium carbonate fills up the concrete pores leading to a somewhat lower permeability, the associated drop in the pore fluid alkalinity from a pH value of over 12 to as low as 8 disrupts the passivating layer surrounding the steel reinforcement, leading to corrosion [5] .
Irrespective of whether the primary mechanism is chloride or carbonation induced, rebar corrosion is generally accompanied by the loss of cross section and the accumulation of corrosion products, which occupy much larger volume than the original steel. Hence, this process generates tensile stresses, which leads to cracking 3 and spalling of the concrete [3] . Rebar corrosion may not necessarily imply structural collapse but it causes significant loss of structural serviceability.
A wide range of electro-chemical/non electro-chemical techniques and sensors based techniques have been reported in the literature for the purpose of diagnosing and quantification of the rebar corrosion. Table 1 summarises some of the techniques along with their advantages and limitations [6] . Recently Miller [7] had described an inductive sensor used to image steel reinforcement bars in concrete and visualise surface corrosion. The present research uses the electro-mechanical impedance (EMI) technique which has recently emerged as a promising tool for structural health monitoring (SHM) and non-destructive evaluation (NDE) for a wide variety of materials and structures. This technique works by comparing the sensor response in a healthy (undamaged) structure to the response measured at a specific time point of interest. Differences are then associated with chemical change, such as corrosion, or a physical change such as cracking.
Talakokula et. al [6] recently proposed an EMI based approach for detecting and measuring the level of chloride induced rebar corrosion, validated through accelerated corrosion tests on embedded rebars. This paper focuses on extending the approach to carbonation induced corrosion, which operates with a somewhat different mechanism and report on studies involving accelerated carbonation tests carried out on cylindrical specimens, spanning over 230 days of exposure. The corrosion assessment is based on the mechanical impedance parameters determined from EMI signatures of a piezoelectric lead zirconate titanate (PZT) ceramic patch bonded to the surface of the rebar. The PZT based equivalent stiffness parameter (ESP) and equivalent mass parameter (EMP) has been primarily employed for corrosion assessment. The results
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are correlated with phenolphthalein stain test and high resolution microscopic images.
The following sections of the paper cover the physical principles of the EMI technique followed by experimental results and analysis.
FUNDAMENTALS OF THE ELETRO-MECHANICAL IMPEDANCE (EMI) TECHNIQUE
Piezoelectric materials are categorized as 'smart' materials owing to their 'stimulusresponse' behaviour, exhibited with reference to mechanical and electrical domains.
When subjected to mechanical stresses, a PZT patch develops surface charges, a phenomenon called the 'direct piezoelectric effect'. Similarly, when subjected to an electric field, it undergoes mechanical strain, often referred to as the 'converse piezoelectric effect'. The direct and the converse effects are mathematically represented by Eqs. (1) and (2) 
where S1 is the strain along axis '1', D3 the electric displacement over the surface of the PZT patch, d31 the piezoelectric strain coefficient and T1 the axial stress in the patch along axis '1'. It is assumed that the axis '3' points along the thickness of the PZT patch and the axes '1' and '2' lie in the plane of the patch as shown in Fig. 1 (a) and (b) for a typical PZT patch.
represents the Young's modulus of the patch at constant electric field and
is its electric permittivity at constant stress, with  and  denoting the mechanical loss factor and the dielectric loss factor respectively.
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The EMI technique, which is the tool used in this paper for diagnosing the corrosion initiation and progression, exploits the direct and the converse effects simultaneously and has been demonstrated to be capable for SHM of a wide variety of engineering structures, ranging from laboratory sized components to large prototype structures [9] [10] [11] [12] . Several new cost-effective variants of the technique have also been proposed [13] [14] [15] . The EMI technique is essentially vibration based in nature, however operating in a somewhat high frequency range of 30-400 kHz. Such high frequencies of vibrations are achieved by electrically exciting the PZT patch (in turn bonded to the surface of the structure to be monitored), by means of an impedance analyzer/ inductance capacitance and resistance (LCR) meter. Under such external field excitation, the bonded patch induces deformations in the host structure (converse effect), whose response is transferred back to the patch (direct effect) in the form of an admittance signature, consisting of the conductance 'G' (real part) and the susceptance 'B' (imaginary part).
Frequencies in excess of 500 kHz are not favourable due to a strong possibility of the sensing region becoming extremely localized relative to the PZT patch [7, 16] . It is of interest to note that in this context, the conductance/ susceptance relate to the piezoceramic sensor and its electro-mechanical response due to the mechanical properties of its surrounding environment; it is therefore not possible to specifically relate the sensor conductance to that of the galvanic corrosion process on the surface of the rebar. Any damage to the host structure affects the dual process (direct and converse effect) and leads to a change in the admittance spectrum, that is, the plot of conductance/susceptance as a function of frequency. This in turn provides the necessary Indication for detection of damage. Liang et. al [17] proposed the impedance based analytical formulations to model PZT-structure electro-mechanical interaction in 1D structures that are relevant to the EMI technique. Bhalla and Soh [18] extended Liang's 6 impedance formulations to 2D structures, (Fig. 1c) , by introducing the concept of 'effective impedance'. They had taken into account the signatures of the PZT patch prior to integration into the structure, often termed 'free-free'. Use of these signatures in the governing 2D wave equation, allowed derivation of the following expression for the complex electro-mechanical admittance Y as
where, l is the half-length of the patch,  the Poisson's ratio of the patch and ω the angular frequency. The term T is the complex tangent ratio, ideally equal to tan (kl)/kl, with
being the wave number. Correction factors C1 and C2 (determined from the signatures of the PZT patch in the 'free-free' condition) were introduced by Bhalla and Soh [18] to realistically represent the behaviour of an actual PZT patch, introducing the modifying expression for T as
Further, the modified mechanical impedance of the PZT patch was derived as
It can be observed from Eq. (3) that any damage to the host structure (i.e. any change in mechanical impedance 'Zs,eff') will induce a deviation in Y , thereby providing an indication of the damage. Using the computational procedure outlined by Bhalla and Soh [19] , Eq. (3) can be utilized to obtain the real and the imaginary components (x and y respectively) of the structural impedance
at a particular angular 7 frequency  from the measured G and B values. Thus, bonding a PZT patch to a structure and measuring its admittance signature enables the determination of the drive point mechanical impedance of the structure, Zs,eff = x + yj, from the measured data alone, without demanding any a priori information governing the phenomenological nature of the structure. Depending upon the variation of 'x' and 'y' with frequency and the associated values, the inherent elements constituting the host structure can be identified [20] . Soh and Bhalla [11] and Bhalla et. al [12] found in their experiments that the PZT patches identified the host structure as a Kelvin-Voigt system, consisting of a parallel combination of spring and the damper elements. The stiffness element, termed as the ESP, has been found to be related to the actual stiffness of the host structure. Monitoring the ESP at different times provides an accurate condition of the residual stiffness of the structure and can be employed for SHM.
The next sections describe the identification of structural system based on the values of 'x' and 'y' and utilization of the ESP for monitoring and quantifying the severity of the structural damage induced by carbonation on rebars embedded in concrete.
ACCELERATED CARBONATION TESTS ON RC SPECIMENS: EXPERIMENTAL PROCEDURE
Four RC cylinders of grade M30 [21] were cast with diameters of 25, 35, 45 and 60 mm respectively and length 100 mm, as described in Table 2 . A single piece of 16 mm diameter high yield deformed (HYD) steel rebar, grade Fe415 [22] , was cast at the centre of each cylinder. The rebar's length was 130 mm, allowing 30 mm to project out at one end of the cylinder, as shown in Fig. 2 . The four different diameters provided concrete cover depths of 4.5, 9.5, 14.5 and 22 mm respectively. Specimen number 1, with a cover depth 22 mm, was employed as a reference for the purpose of monitoring 8 carbonation penetration depth through phenolphthalein staining. No PZT patch was attached to the reference sample as this was to be used for destructive testing such as for phenolphthalein test measurements to determine the carbonation depth and imaging analysis. On the other samples, a PZT patch measuring 10×10×0.3 mm (Fig. 1a) , of ferroelectric grade PIC 151 [23] was bonded to each rebar at the mid length, where a small flat surface was achieved through machining to allow for the bonding of the patch, as shown in Fig. 2 . A thin layer of epoxy was applied on the machined rebar surface first and the PZT patch was placed on it; the whole set-up was then kept undisturbed at room temperature for 24 h to enable full curing of the adhesive, after which wires were soldered to the PZT patch's electrodes. The PZT patch was then covered with an additional thin layer of epoxy adhesive as a protective measure. The concrete cylindrical specimens were cast using ordinary Portland cement (OPC) 53 Grade, fine aggregate of Zone 1 grading [24] and crushed coarse aggregate of nominal size 10 mm. Table 3 presents the details of the composition of the concrete mix. The moulds were filled with concrete in three layers along with the rebar (with the PZT patch bonded on it), taking particular care in pouring the concrete to avoid damage to the sensor. The concrete was compacted carefully using a table vibrator. For the 25 mm diameter specimen, it was necessary to remove some of the larger pieces of the aggregate from the mortar at the time of casting to accommodate the thin concrete cover of 4.5 mm.
The specimens were demoulded after 24 h of casting. The soldered electrodes of the PZT patch were connected to an LCR meter (Agilent E4980 [25] ). In this manner, the electro mechanical admittance signature, consisting of the real part (G) and the imaginary part (B) were acquired in the frequency range of 50-400 kHz. A frequency interval of 100 Hz was used for each impedance measurement.
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Compared to chloride-induced corrosion, carbonation is a slower process. In highquality concrete, it has been estimated that carbonation will proceed at a rate of not more than 1.0 mm per year [26] . The carbonation rate is significantly increased in concrete with a high water-cement ratio (more than specified by IS 10262, 2009 [27] ), low cement content, short curing period, lower strength, and highly permeable or porous paste. In addition, the carbonation rate is highly dependent on the relative humidity of the concrete. The highest rates of carbonation occur when the relative humidity ranges between 50 % and 75 %. Carbonation-induced corrosion typically occurs on areas of building facades that are exposed to rainfall, shaded from sunlight, and have smaller concrete cover over the reinforcing steel [27] . Since the carbonation process is too slow under natural conditions, accelerated carbonation is preferred in the laboratory investigations since the 1960's [28] . In the present study, the accelerated corrosion experiments were initiated after a period of 28 days from the day of casting, assuming that any further concrete strength gain on account of concrete curing is negligible.
After the baseline signatures were acquired, the specimens were placed in a carbonation chamber. The CO2 concentration in the chamber was maintained at 5 % under a relative humidity of 75±5 % and temperature of 25°C. Studies of the chemical changes and phase analysis of Portland cement pastes under conditions of accelerated carbonation in excess of 3 % (CO2 concentration) have been conducted by Castellote and colleagues [29] . They demonstrated that, where CO2 concentrations were in excess of 3 %, microstructural changes were observed compared to ambient conditons . This should be considered when translating results from this study to systems carbonating under ambient conditions. Wax was applied to the circular ends of each cylindrical samples to allow CO2 ingress radially from the sides only. During the accelerated carbonation exposure, the admittance signatures were acquired at frequent intervals throughout the experimental exposure period of 230 days. In order to measure the carbonation penetration depth, a 50 mm thick slice was cut from the bottom of the reference specimen , as shown in Fig. 4 and the fracture surface was sprayed with a saturated solution of phenolphthalein indicator in ethanol. The slicing was done on the same face in dry conditions. However, the ends were covered immediately with wax after cutting, so that any CO2 ingress or diffusion of moisture takes place only radially. Maximum and minimum depth of carbonation was measured and numerically averaged. During the exposure period, the carbonation penetration depth was periodically measured using the phenolphthalein method by cutting fresh slices from the reference specimen.
At high pH (uncarbonated), the indicator has a bright pink colour. However, below a pH of 8. The baseline signatures of the specimens were first acquired as reference prior to placing in the carbonation chamber. Fig. 3 shows the baseline conductance spectrum of 11 the PZT patches of three specimens, acquired after 28 days of curing, before being subjected to accelerated carbonation. Even though the initial baseline signatures of the specimens are different, when applying the EMI technique it is the variation of the signature of interest with the baseline signature that is important as it is used here to deduce changes in the specimen. Fig. 4 (a, b and c) show the conductance signatures of the bonded PZT patches for the three test specimens (Nos. 2, 3 and 4) acquired during various times. It is worth noting that all the specimens were 28 days old before the initiation of the experiment and hence the majority of the hydration process was already completed. The figures show that the resonance peaks of the conductance signature have changed its magnitude and frequency for all the three specimens with increasing carbonation.
CHANGES IN IMPEDANCE BASED EQUIVALENT PARAMETERS DURING CARBONATION
To quantify damage, at first crudely, root mean square deviation (RMSD) metric was utilized, which is defined as [12]     which provides a useful indicator that the PZT sensors are sensitive enough to identify (6) changes in the system. This is not always the case, as previous studies on other systems such as reinforced concrete structures and steel bolted joints [6, 12] 
Equivalent stiffness parameters (ESP)
To gain deeper insight into the corrosion mechanism, Equivalent structural parameters were extracted from the impedance spectrum using the computational procedure outlined by Bhalla and Soh [19] . The extracted mechanical impedance , consists of the real and imaginary components x and y respectively. Observing the variation of x and y closely in the frequency range of 150-250 kHz revealed that the variation is similar to the variation of x and y of a parallel spring-damper-mass (k-c-m) combination [20] as shown in Fig. 6 (a) . For this system,
Where is the equivalent damping parameter, k equivalent stiffness parameter (ESP), m equivalent mass parameter (EMP) and  is the angular frequency. The variation of 'x' and'y' for both equivalent system (parallel spring-damper-mass) and that of the experimental is shown in Fig. 6 (b and c) for a typical specimen (no.2), confirming the (7) 13 observation that the host structure has been identified as a parallel spring-damper-mass system.
For this system, the values of the ESP and the EMP of the host structure were determined using Eq. 7 (refer Talakokula et. al [6] , for details). When considered together with the cover depths reported in Table 2 , a sequential pattern is noted in relation to the carbonation front, which reached the rebar after 18, 26 and 39 days for specimens 2, 3 and 4 respectively. It can be noted from Fig. 7 that the peak of the ESP plot does indeed occur after these specific periods. The ESP based 14 diagnosis clearly proves its leverage over the conventional statistical diagnostics such as RMSD as covered before.
In addition, the non-dimensional stiffness loss (∆k/k) was determined to quantify the level of corrosion damage on account of carbonation. Fig. 8 (a, b and c) [6] , the corrosion process can be identified to be in the "propagation" phase for these values of ∆k/k .
EQUIVALENT MASS PARAMETER (EMP)
The initial mass of all the rebars were measured before embedding them in concrete and after splitting all the specimens, the final mass loss of the steel bars was determined by the gravimetric method after chemically cleaning the corrosion products. The EMP was also calculated directly using Eq. (7) after mathematical calculations (refer Talakokula et. al [6] , for details) during the carbonation corrosion exposure, without any destructive measure.
Knowing the actual mass and the PZT identified EMP, a non-dimensional mass model is derived as
Where is a constant relating PZT identified EMP with actual mass loss determined as 0.54 [6] . This correlation will be useful in calculating the corrosion rates of the rebar non-destructively, because measuring the actual mass loss in real life structures is not possible as rebar is inside the concrete.
VALIDATION OF NON-DIMENSIONAL MASS MODEL
Knowing the mass loss, the corrosion rate is calculated as described in ASTM G1-03
[32] using the equation
where ∆ is the corrosion rate (mm/year) K is a constant equal to 8.76x10 4 , ∆ is the mass loss in g, a the area in cm 2 , T time of corrosion exposure in hours and D is the density of steel i.e.7.8 kg/m 3 . The corrosion rates were calculated using both actual mass loss as well as the non-dimension mass model Eq. (8) and are tabulated in Table. 4.
Upon comparing both, it was found that using the model developed, the corrosion rates can be calculated with reasonable accuracy (average error of 10 % only). This is a very important observation, which establishes that the application of the proposed methodology enables circumventing the determination of actual mass loss, which in practice is infeasible.
CORRELATION WITH MICROSCOPIC IMAGE ANALYSIS AND RAMAN

ANALYSIS
To verify the nature of changes highlighted by the ESP, conventionally available experimental techniques including optical microscopy, scanning electron microscopy (SEM) and Raman spectroscopy were applied to representative cross sections of the specimens. The sections were cut during the exposure period for performing these 16 tests. In order to produce high quality polished sections and reduce the possibility of mechanical damage, the end of each cylinder was embedded in low-viscosity resin at atmospheric pressure prior to polishing. The sections were then cut perpendicularly to the cylinder longitudinal axis (parallel to the basal face) using a diamond impregnated cutting disc in dry conditions. The surface of each section was subsequently ground using progressively finer silicon carbide papers from 180 to 1200 grit size before polishing with 6, 3 and 1 m diamond paste. A final polish was achieved using colloidal silica suspension. Optical inspection of the polished sections was carried out Kingdom, was used to set the experiment and acquire the spectra. [30] attributed the peaks at 220, 278 and 1280 cm -1 to hematite α-Fe2O3. It is already known, in fact, that depending on the crystallinity and grain size, the characteristic double at 294/225 cm -1 of this mineral in some cases shifts downward in wave number [30] . Peaks at 390, 486 and 582 cm -1 are attributed to goethite α-FeOOH [31] . Both these phases are common in the corrosion products associated with rebar corrosion.
CONCLUSIONS
This paper has presented a new approach for monitoring the progression of carbonation and the coupled rebar corrosion in RC structures based on the ESP and EMP parameters extracted from the admittance signatures of PZT patches surface-bonded to the rebars.
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This is the first ever study involving PZT sensors and utilizing the EMI technique to diagnose carbonation induced corrosion initiation and progression. The main objective was proof-of-concept demonstration of the ESP and EMP based rebar carbonation initiation, progression and quantification. A total of four specimens were tested, all of which showed consistent results, commensurate with the individual cover thickness.
The ESP extracted from the admittance signatures of surface-bonded PZT patches is established as a reliable carbonation progression as well as rebar corrosion indicator.
ESP correlates well with the microscopic image analysis. The average rate of corrosion has been determined using EMP and compared with the actual corrosion rates using gravimetric mass loss measurements, the error has been found to be 10 % only. The most promising feature of the proposed approach is that the two main phases in the process, namely carbonation penetration through concrete cover and corrosion initiation are determined. The significance of the proposed approach is that it is nondestructive in nature, simple and fully autonomous. The empirical correlation derived from the PZT patches can be utilized in carbonation induced corrosion of rebars in reallife RC structures, where they are not exposed for direct visual check. Table 2 . Specimen identification number, dimensions and cover to reinforcement 
